This study investigated nitric oxide (NO) production and phenotype changes of smooth muscle cells (SMC) in a cocultured model (CM) exposed to fluid shear stress. The CM was composed of human umbilical endothelial cells (EC) and SMC, a collagen layer, and a porous membrane. After exposing the CM to shear stress of 1.5 Pa for 24 hours, α-smooth muscle actin (α-SMA) expression of SMC and NO production in culture media were examined. Under static conditions, α-SMA expression in the CM was significantly lower than that of a SMC monocultured model (SMC model). After exposure to shear stress, NO production in the CM increased compared to that in the static CM, and there was no significant difference in α-SMA expression between the CM and SMC model. These results suggest that EC may regulate phenotype changes of cocultured SMC, and NO may be one of the factors which induce dedifferentiation of SMC.
Introduction
Vascular smooth muscle cells (SMC) is one of the primary cellular components of normal arterial walls, and its main function is to contract and relax to regulate the diameter of blood vessels. Under pathological conditions such as atherosclerosis and stenosis, SMC differentiate from contractile phenotype to synthetic phenotype, resulting in cell proliferation, migration, and matrix synthesis that can lead to thickening of vessel walls and vessel occlusion. Many studies have focused on the effects of hemodynamic forces such as fluid shear stress on development of hyperplasia (1) , (2) . However, since SMC are not exposed to blood flow, cellular interactions between SMC and endothelial cells (EC) under shear conditions may play important roles in SMC differentiation. EC secrete many kinds of physiological active substances in response to shear stress and are thought to have protective roles in development of hyperplasia under physiological conditions (1) . One of the substances which have crucial effects on SMC functions is nitric oxide (NO). NO production of EC is increased by exposure to shear stress (1) , and NO is known to cause relaxation of SMC and inhibition of SMC migration and proliferation (3) .
We have previously shown that under physiological shear condition EC-derived NO decreased migration of cocultured SMC (4) . In addition, several studies have suggested that NO is an important regulator of SMC phenotype (5) ~ (7) . However, the role of EC-derived NO in SMC phenotype under shear conditions have not been clarified.
To focus on the effect of the cellular interactions between EC and SMC on functions of cells, coculture systems using isolated EC and SMC have recently been developed. Several studies have shown phenotype changes of SMC under coculture conditions. Brown et al. (8) used a bilayer cocultured model in which EC and SMC were cultured on opposite surfaces of the same semipermeable membrane and showed that EC-SMC coculture condition increased expression of α-smooth muscle actin (α-SMA), which is one of the contractile protein markers of SMC phenotype. On the other hand, Vouyouka et al. (9) established EC-SMC coculture by using inserts and reported by measuring levels of the L-type Ca 2+ channel a 1 subunit that the coculture condition changed SMC phenotype towards synthetic state. These results indicate that EC may play a role in control of SMC differentiation. However, there were some differences in the coculture systems between the previous studies. One of the major differences is direct contacts between EC and SMC. In the Brown's cocultured model EC and SMC could have direct contacts, but there were no direct contacts of cells in the Vouyouka's system. This difference may cause contradictory results of SMC phenotype changes under coculture conditions. Hence, the detailed mechanism by which EC regulate phenotypes of SMC is still unclear. Furthermore, the coculture systems used by the previous studies were not designed for flow-exposure experiments. For understanding the mechanism of development of hyperplasia involving SMC phenotype changes, the effect of EC-derived NO on SMC phenotypes should be elucidated using a cocultured model under flow conditions. In this study, we examined the effect of shear stress on NO production and phenotype changes of SMC in a cocultured model (CM).
Methods

Construction of cocultured model
Human umbilical EC and SMC were isolated using enzymatic digestion methods and cultured in Media 199 (M199, Invitrogen) supplemented with 20% heat-inactivated fetal bovine serum, 100 ng/ml human basic fibroblast growth factor (ABI, USA), and 1 unit/ml penicillin-streptmycin (Invitrogen). Cells at passage 2 to 9 were used for experiments
The CM was prepared as previously described (4) , (10) . Briefly, SMC were cultured on φ35 cell culture dish (Iwaki, Japan) coated with gelatin (Sigma) and were grown until they fully covered the bottom of the dish. Solutions for the collagen layer, 0.5% type I collagen (Koken, Japan), 10 times concentration of M199, and reconstruction buffer (0.05 mol/l NaOH, 200 mmol/l HEPES, and 0.26 mol/l NaHCO 3 ) was mixed at 4 °C and was then layered over the SMC. After the membrane filter coated with 0.1% type I collagen was put on the collagen layer, the dish was incubated at 37 °C for 30 min. Finally, EC were seeded on the membrane filter. The CM was statically cultured for 2 to 3 days prior to experiments. We also constructed models without EC (SMC model) and without SMC (EC model) (Fig.  1) . 
Design of flow-exposure experiment
The CM was incorporated into a parallel plate type flow chamber as previously described (4) . The flow chamber has a flow section of 1 mm in height, 12 mm in width, and 22 mm in length. The flow chamber was connected to a flow circuit in which continuous flow was generated by a peristaltic pump (Masterflex, USA). By using the flow circuit, the CM was exposed to shear stress of 1.5 Pa, which is comparable to averaged values in large arteries, for 24 hours under sterile condition at a 37 °C in 95% air/ 5% CO 2 atmosphere.
Fluorescent staining
After 2 days of culture, the CM was fixed with 4% paraformaldehyde, rinsed with PBS and then treated with 0.1% Triton-X 100 (Wako, Japan) for 5 min. Subsequently, actin filaments of EC and SMC were stained with 150 nmol/l rhodamine-phalloidin (Molecular Probes, USA). For staining of α-SMA, the CM was treated with a primary antibody against the α-SMA (Progen, Australia) for 1 hour and with an Alexa Fluor conjugated secondary antibody (Molecular Probes). Fluorescent images were observed using a confocal laser scanning microscope (Olympus, Japan).
Measurement of NO production
NO production of the CM was assessed as nitrite generation. Following three-time wash with PBS, the CM was cultured with phenol red free M199 (Invitrogen) supplemented with 10% FBS for 12 hours. The conditioned media was collected and was subjected to ultrafiltration with Centricon ® (Millipore, USA) at 4 °C to remove protein from the media.
Nitrite concentration was measured with a commercial kit (NO 2 /NO 3 Assay Kit-F ⅡX, Dojindo, Japan) and was determined at a fluorescent intensity (excitation of 365 nm, emission of 450 nm) by comparison with standard solutions of sodium nitrite.
Measurement of α-smooth muscle actin expression
Western blot analysis was used to determine the expression level of the contractile protein α-SMA. Cell lysates were prepared by scraping SMC from the bottom of the dish with a rubber policeman into 100 µl of lysis buffer containing 10mM MgCl 2 , 5 mM EGTA, 50 mM ß-glycerophosphate, 0.1% sodium deoxycholate, 1% NP-40, 1% SDS, 1mM sodium orthovanadate, and 1% protease inhibitor cocktail (Sigma, USA). Protein concentration was measured using DC protein assay kit (Bio-Rad Laboratories, USA). Equal amounts (10 µg) per lane were subjected to sodium dodecylsulfate-polyacrylamide gel electrophoresis (SDS-PAGE), transferred to pollyvinylidene difluoride (PVDF) membrane. The membrane was then stained using antibody against α-SMA and alkaline phosphatase (AP) conjugated secondary antibody (Chemicon, USA), and detected with AP conjugated substrate kit (Bio-Rad Laoratories, USA). The intensity of each band was quantified from scanned images using the NIH-Image program (National Institute of health, USA).
Statistics
Results are expressed as mean ± standard deviation (SD) determined from at least three independent experiments. Student's t-test was used for comparison between groups. A value of p < 0.05 was considered to be statistically significant.
Results
Morphology of cells in cocultured model
Fluorescence images of actin filaments in EC and SMC are typically shown in Fig. 2 . Morphology of cocultured EC ( Fig. 2A) and SMC (Fig. 2B) were typical cobblestone-shape and spindle-shape, which are very similar to those of monocultured cells previously reported (10) , (11) . Figure 3 shows representative fluorescence images of α-SMA in monocultured ( Fig. 3A) and cocultured (Fig. 3B ) SMC. These figures show that there were no detectable differences in distribution of α-SMA between monocultured and cocultured SMC.
Production of nitric oxide
Changes in NO production in the EC model and in the CM are shown in Fig. 4 . For EC model, shear stress significantly increased NO production (4.48±1.96 µM for static, 10.75 ±2.00 for sheared, p < 0.05). Under static conditions, NO production in the CM was significantly higher than that in both EC (6.47±0.86, p < 0.05) and SMC (2.90±0.12, p < 0.05) models. After exposure to shear stress, NO production of the CM (10.86±1.28, p < 0.05) was increased by exposure to shear stress compared to the static CM.
Expression of α-smooth muscle actin
Representative western blot images of α-SMA is shown in Fig. 5A , and changes in α-SMA expression of SMC analyzed by western blot is shown in Fig. 5B . Each intensity of α-SMA was normalized by that of β-actin. Expression of α-SMA of the SMC model was lower than that of SMC cultured on a normal culture dish. Under static culture conditions, α-SMA expression of SMC in the CM (0.21±0.01, mean±SD) significantly decreased compared to the SMC model (0.15±0.03, p < 0.05). After exposure to shear stress, there was no significant difference in α-SMA expression between the SMC model and the CM. shift of SMC towards synthetic state. This is consistent with a previous observation that showed a decrease in a contractile phenotype marker of SMC by coculturing with EC (9) . We have also previously demonstrated migration of SMC in the SMC model and in the CM constructed with bovine aortic EC and SMC (4) (Fig. 6) . In Fig. 6 , migration of SMC in the SMC model and the CM are shown as three-dimensional fluorescence images of SMC nuclei. Compared to the SMC monocultured model (Fig. 6A) , the number of migrating SMC in the CM significantly increased (Fig. 6B) . Since increased migration is one of the characteristic features of the synthetic phenotype of SMC, the phenotype change in the CM observed in the present study is in accord with our previous result. The interactions between EC and SMC are known to play important roles in maintaining normal physiological conditions of blood vessels in vivo. However, the results of our studies indicate that under pathological conditions in which SMC are supposed to exhibit synthetic phenotype, EC may stimulate the phenotype change and the migration of SMC, possibly accelerating formation of hyperplasia and stenosis. So far, many studies have suggested that NO produced by EC contribute to contractile phenotype of SMC in normal vessel walls (5) ~ (7) . In the present study, after exposure to shear stress, NO production in the CM increased and there was no significant difference in expression of α-SMA between the SMC model and the CM. However, α-SMA expression of the CM exposed to shear stress did not significantly increase compared to the static CM. The mechanism by which EC regulate SMC phenotype is still unknown. It is supposed that several growth factors may associate with regulation of SMC phenotype. For instance, transforming growth factor-β (TGF-β), which is secreted by EC, induces expression of contractile phenotype markers in SMC (12) . However, TGF-β is known to activate SMC migration and proliferation (13) , and its synthesis of EC is increased by exposure to shear stress (14) . It is known that NO inhibits cultured SMC migration (15) and proliferation (16) . We have demonstrated that EC-derived NO increased by exposure to shear stress significantly decreased SMC migration in the CM (4) (Fig. 6C) . These low capabilities of migration and proliferation are characteristic features of contractile SMC. In addition to shear stress, the other mechanical forces such as pressure and tensile stress exert on vessel walls. Although the effect of pressure on TGF-β production of EC is unknown, it was reported that 130 mmHg pressure increased expression of a contractile phenotype marker of SMC cocultured with EC (9) . The combined effect of mechanical forces may modulate EC production of growth factors and then promote and maintain dedifferentiated SMC phenotype. In this study, expression of α-SMA in the SMC model decreased compared to that in SMC cultured on a normal culture dish. This result indicates that type I collagen, the ECM component of the SMC model, may direct SMC towards synthetic phenotype. It has been reported that culture of SMC on different ECM substrates can affect cell phenotype. For example, type I collagen has generally been shown to reduce SMC contractile protein expression (17) . In contrast, components of the basement membrane, such as type IV collagen, laminin, and elastin have been known to maintain SMC phenotype in contractile state (18) . One possible mechanism by which SMC identify the components of ECM is binding to ECM via transmembrane receptors, integrins, which recognize and bind to specific ECM proteins. SMC may change the type of integrins on cell surface depending on the type of ECM. It is suggested that integrins binding to specific ECM such as type I, IV collagen and laminin may lead to change phenotype of SMC. In this study, SMC were cultured on gelatin (denatured collagen) coated dishes for the Non-gel model. It was reported that under static culture conditions, there was no significant difference in the expression of contractile phenotype marker protein, smooth muscle caldesmon, between SMC on collagen type I and SMC on gelatin (19) . From this results, it is speculated that the α-SMA expression of Non-gel model was also similar to that of SMC on collagen type I. Under static condition, nitrite concentration of the CM was significantly higher than that of the EC model. It is supposed that nitrite in the media conditioned with the CM is produced both by EC and by SMC because SMC have inducible nitric oxide synthase (iNOS) which releases NO, and expression of endothelial NOS (eNOS) and iNOS under coculture condition did not change compared to monocultured EC and SMC (20) . On the other hand, there was no significant difference in nitrite concentrations between the EC model and the CM after exposure to shear stress. Shear stress stimulates production of platelet-derived growth factor (PDGF) in EC (21) , and PDGF is know to inhibit the expression of iNOS (22) . At inflammatory regions in vivo, although it has been observed that iNOS expression was induced by interleukin-1 (IL-1) and tumor necrosis factor-α (TNF-α), these inflammatory cytokines mainly originate from leukocytes (22) . Taken together, it is likely that iNOS expression of SMC in CM under shear conditions decreased by EC-derived PDGF, and NO production of the CM was then comparable to that of EC model after exposure to shear stress. It is possible that concentrations of amino acids and growth factors around SMC in the Gel models may be lower that those in Non-gel model due to the presence of the collagen layer and EC monolayer. The supplement of culture media most containing amino acids and growth factors is serum. Su et al. (23) showed that cultivation of SMC using culture media without serum increased expression of contractile phenotype protein markers. Hence, if there are the effects of concentration of growth factors on SMC phenotype in the Gel models, expression of α-SMA is expected to increase. However, α-SMA expression of the Gel models was lower than that of the Non-gel models in the present study. Therefore, changes in α-SMA expression of SMC observed in this study is supposed not to be caused by the effect of concentrations of growth factors.
A variety of in vivo models and in vitro coculture systems have been used to study the effect of shear conditions on functions of SMC. Compared to in vivo models, our CM has several advantages. 1) The extracellular matrix (ECM) environment of cells is clear in the CM. Structure and components of ECM are known to have an important role in SMC functions, and it is difficult to know the effect of ECM on SMC functions in vivo model because vessel walls are composed of many kinds of ECM components. 2) There are no effects of adventitia and nerves on SMC functions in the CM. Since SMC in vessel walls are affected by fibroblast in adventitia and by nerves, it is difficult to clarify the effect of EC-SMC interactions on SMC functions in vivo models. 3) Our model can be exposed to well-defined shear condition. Shear conditions of in vivo models depends on configurations of blood vessels and are less reproducible than in vitro models. These features of the CM are thought to be very important to examine the detailed effects of stimulations and environments on SMC functions.
The present study showed the decrease in α-SMA expression of SMC cocultured with EC. On the other hand, Brown et al. (8) demonstrated that expression of contractile phenotype marker of SMC increased under coculture condition. This difference may be caused by direct contact between EC and SMC. In our CM, interaction between EC and SMC occurred only via soluble factors produced by the cocultured cells. In contrast, Brown et al. used a bilayer coculture model in which EC and SMC were cultured on opposite sides of permeable membrane, and cells were allowed to interact by direct contact as well as by soluble factors. Although the effect of direct contact between cells is still unknown, the cell contact seems to play an important role in regulating SMC phenotype. However, in vessel walls, it is supposed that there are few SMC which have direct contact with EC because many SMC are in the middle layer of vessel walls. Hence, to know the role of soluble factors in regulating SMC phenotype is more important for understanding vessel physiology in vivo, In summary, this study showed that under the static condition coculture of SMC with EC induces the decrease in α-SMA expression of SMC compared to the SMC model. We also demonstrated that after exposure to shear stress, NO production of the CM significantly increased compared to the static CM, and there was no significant difference in α-SMA expression between the SMC model and the CM exposed to shear stress. These results suggest that EC may play important roles in phenotype changes of cocultured SMC, and NO may be one of the factors for regulation of SMC phenotype.
